In this study we performed a phylogenetic analysis of a culturable bacterial community isolated from heavymetal-contaminated soil from southwest Slovakia using 16S rRNA (16S rDNA) and heavy-metal resistance genes. The soil sample contained high concentrations of nickel (2,109 mg/kg), cobalt (355 mg/kg) and zinc (177 mg/kg), smaller concentrations of iron (35.75 mg/kg) and copper (32.2 mg/kg), and a trace amount of cadmium (<0.25 mg/kg). A total of 100 isolates were grown on rich (Nutrient agar No. 2) or minimal (soil-extract agar medium) medium. The isolates were identified by phylogenetic analysis using partial sequences of their 16S rRNA (16S rDNA) genes. Representatives of two broad taxonomic groups, Firmicutes and Proteobacteria, were found on rich medium, whereas four taxonomic groups, Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria, were represented on minimal medium. Forty-two isolates grown on rich medium were assigned to 20 bacterial species, while 58 bacteria grown on minimal medium belonged to 49 species. Twenty-three isolates carried czcA-and/or nccA-like heavy-metal-resistance determinants. The heavy-metalresistance genes of nine isolates were identified by phylogenetic analysis of their protein sequences.
Introduction
The use of microbial communities to assess the impact caused by anthropogenic stress in natural habitats is increasing; however, there is considerable debate as to which approach is the most useful (Chapman 1999) . Culture-independent methods have received particular attention because it is commonly known that only a small proportion of the bacteria present in any given environment will form colonies on general laboratory media (Hugenholtz 2002) , but on the other hand, the traditional microbiological methods directly provide live bacteria, and not merely a "molecular strain".
Heavy metals are highly persistent in the environment and are known to alter soil ecosystem diversity, structure and function (Sandaa et al. 2006; Ashraf & Ali 2007) . While the acute effect of heavy metals on the microbial community appears to lead to a subsequent shift in the community toward a more metaltolerant or metal-resistant population (Ranjard et al. 2000; Sandaa et al. 2001) , in chronically contaminated sites natural selection should have resulted in a pre-dominantly metal-tolerant community (Kandeler et al. 2000; Becker et al. 2006) . Many studies have focused on the effects of heavy metals on bacterial community structure (Ranjard et al. 2006; Ogilvie & Grant 2008; Khan et al. 2010; Pechrada et al. 2010) , and relatively many bacteria have already been isolated from different heavy-metal-contaminated environments and their metabolic pathways for pollutant detoxification have been studied in detail. These studies included the mercury-reducing bacteria Bacillus megaterium MB1 (Huang et al. 1999) ; the cadmium-accumulating bacteria Rhodospirillum rubrum (Smiejan et al. 2003) ; strains resistant to multiple heavy metals (Schmidt & Schlegel 1994; Taghavi et al. 1994; Mergeay et al. 2003) ; bacteria specific to HgCl 2 -contaminated soils, such as Duganella violaceinigra, Lysobacter koreensis and Bacillus panaciterrae (Mera & Iwasaki 2007) ; cadmium-resistant bacteria, such as Alcaligenes xylosoxidans, Comamonas testosteroni, Klebsiella planticola, Pseudomonas fluorescens and Serratia liquefaciens (Chovanová et al. 2004) ; Ochrobactrum sp. (Pandey et al. 2010 ); a Ralstonia pickettii strain, highly Isolation of culturable bacteria and resistance determinants 19 resistant to cadmium, and a Sphingomonas sp. strain, highly resistant to zinc (Xie et al. 2010) ; Aeromonas spp. and Pseudomonas spp., both highly resistant to copper (Matyar et al. 2010) ; and Geobacter daltonii sp. nov., an Fe(III)-and uranium(VI)-reducing bacterium (Prakash et al. 2010) .
The most well-characterized operons conveying resistance against heavy metals in Gram-negative bacteria are the czc operon from Cupriavidus metallidurans CH34 (Mergeay et al. 2003 ) and the ncc system from Achromobacter xylosoxidans 31A (Schmidt & Schlegel 1994) . In Gram-positive bacteria, the cad operon from Bacillus and Staphylococcus members has been well studied (Silver & Phung 1996) . In both Grampositive and Gram-negative bacteria the ars operons from Escherichia coli (Mobley et al. 1983; Saltikov & Olson 2002) and Staphylococcus strains (Ji & Silver 1992; Rosenstein et al. 1992) , and the mer systems from Escherichia coli (Nascimento & Chartone-Souza 2003) and Bacillus populations (Bogdanova et al. 1998 ) have been well characterized. In addition, the cyanobacterial smt locus from Synechococcus PCC 7942 also contains a well-characterized heavy metal resistance system (Erbe et al. 1995) .
In the present study, a phylogenetic analysis was performed to examine both the culturable bacterial community and the heavy-metal resistance genes carried by the bacteria in this community in an anthropogenically disturbed soil sample using DNA solutions extracted from independently grown bacterial isolates on two different culture media. We have also tried to isolate new and heretofore uncultured bacteria carrying previously unknown resistance determinants to toxic metals.
Material and methods
Field site, soil samples and heavy metal content measurement Soil samples, down to 10 cm depth, were collected from farmland near the town of Sereď (48 • 16 59 N, 17 • 43 35 E) in southwest Slovakia. The sampling site was situated near by a dump containing heavy-metal-contaminated waste. The soil sample contained high concentrations of nickel (2,109 mg/kg), cobalt (355 mg/kg) and zinc (177 mg/kg); smaller concentrations of iron (35.75 mg/kg) and copper (32.2 mg/kg); and also a trace amount of cadmium (<0.25 mg/kg). The content of these heavy metals in the soil sample was measured using an atomic absorption spectrometer (Perkin-Elmer model 403, USA).
Preparation of soil-borne bacterial suspension
A 10 g portion (wet weight) of the soil was mixed in a sterile 250 mL Erlenmeyer flask with 90 mL of a 0.85% (w/v) salt solution and incubated at 30 • C in a shaker incubator at 90 rpm for 2 h. The suspensions obtained were filtered through Whatman 1 filter paper (Merck, Germany) under sterile conditions, and these filtered bacterial suspensions were used for further work.
Isolation of bacteria
Subsamples (1.0 mL) withdrawn from the soil-borne bacterial suspension were serially diluted (in range: 10 −1 -10 −6 ) and each dilution was plated in triplicate on either nutrient agar No. 2 (Rich Medium, RM; Biomark, India) or soilextract agar medium (Minimal Medium, MM) containing 500 mL/L soil extract and 15 g/L agar. The pH of the final medium was adjusted to 7.2. If appropriate, 50 mg/L of actinomycin D was added to the medium to preclude the growth of fungi (Hamaki et al. 2005) . The soil extract was prepared by mixing 1,000 g of soil with 2 L of 50 mM NaOH and incubating overnight at room temperature. The mixture was filtrated and then centrifuged for 60 min at 18,000 rpm. The supernatant was sterilized repeatedly over a period of 3 days at 100 • C in steam. The plates were incubated aerobically at 30 • C for either 24-48 h or 1-2 weeks (the numbers of CFUs were repeatedly counted to insure that, at the time of isolation, the appearance of new colonies had leveled off). Independently growing colonies were randomly selected (on the basis of morphology) for further analysis.
DNA extraction
Bacterial DNA from soil isolates and from Cupriavidus metallidurans CH34 (BCCM T M /LMG 1195) cells was isolated using the DNeasy purification kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The resulting high-molecular-weight DNA was stored at −20 • C and was used as a template in appropriate PCR experiments.
Detection of 16S rRNA (16S rDNA), czcA-and nccA-like genes DNA extracted from soil bacterial isolates and C. metallidurans CH34 (BCCM T M /LMG 1195) was used in PCR either with universal 16S rRNA gene primers or with non-specific degenerated czcA and nccA primer sets (Table 1) . Each 50 µL reaction mixture contained 2 µL of the DNA template, 5 µL 10×Taq buffer (Qiagen, Hilden, Germany), 2.5 U Taq DNA polymerase (Hot-Star; Qiagen, Hilden, Germany), 1.5 mM MgCl2, 200 µM deoxynucleotide triphosphates and 0.5 µM of each primer. PCRs were performed in a T1 thermal cycler (Biometra, Goettingen, Germany) with the following cycling conditions: 2 min of denaturation at 94 • C, 25 cycles of 1 min at 53 • C(16S rRNA), 50 • C (czcA) or 59 • C (nccA), 1.5 min (16S rRNA), 2 min (czcA) or 1 min (nccA) at 72 • C, 1 min at 94 • C, and a final cycle of extension at 72 • C for 5 min. PCR products were separated by electrophoresis in a 1% (w/v) agarose gel (Merck, Germany) and stained with Gold View Nucleic Acid Stain (SBS Genetech Co., Ltd., China). DNA bands, approximately 696, 822 or 581 bp in size for the 16S rRNA, czcA and nccA genes, respectively, were excised and purified using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. After PCR amplification, PCR products were prepared using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, USA) in accordance with the manufacturer's protocol and then sequenced using an ABI 3130 XL DNA Analyser (Appied Biosystems, Foster City, USA). The sequenced PCR products of the czcA and nccA genes from C. metallidurans CH34 were used as positive controls in PCR-detection of czcA-and nccA-like genes.
Bacterial strain identification and phylogenetic analysis Specific 16S rRNA (16S rDNA) sequences were edited with Chromas Lite software (version 2.01) for further DNA analysis. A BLAST search (Altschul et al. 1990 ) at the NCBI genome database server (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) was conducted to identify the nearest neighbors. Multiple alignments were generated with the CLUSTALW2 program (Thompson et al. 1994 ) from the EMBL Nucleotide Sequence Database at the EBI server (http://www.ebi.ac. uk/Tools/clustalw2/), and phylogenetic trees were displayed with the TreeView software (Page 1996) on the basis of the evolutionary distances calculated by the neighborjoining method (Saitou & Nei 1987 ) using Kimura's twoparameter model (Kimura 1980) .
Identification of czcA-and nccA-like gene products and phylogenetic analysis
After trimming of specific czcA-and nccA-like sequences with Chromas Lite software (version 2.01), nucleotide sequences were translated to protein sequences by using the ExPASy proteomics server (http://www.expasy.ch/tools/ dna.html). A BLAST search of the NCBI protein databases was conducted to identify the nearest czcA-and nccA-like gene products. Multiple alignments were generated with the CLUSTALW2 program from the EMBL Protein Sequence Databases (Swiss-Prot and TrEMBL) of the EBI server, and phylogenetic trees were displayed with the TreeView software on the basis of the evolutionary distances calculated by the neighbour-joining method (Saitou & Nei 1987 ) using Kimura's two-parameter model (Kimura 1980) .
Nucleotide sequence accession numbers
The sequences generated in this study have been deposited with the GenBank database (Benson et al. 2010 ) under the accession numbers GU935266-GU935334 for bacterial 16S rRNA (16S rDNA) genes and GU935257-GU935265 for czcA-and nccA-like genes.
Results and discussion
Structure of culturable bacterial community A phylogenetic analysis was performed to determine the structure of the culturable bacteria using partial sequences of the 16S rRNA (16S rDNA) genes. Bacteria were isolated from heavy-metal-contaminated farmland soil in southwest Slovakia. The specific 16S rDNA PCR products derived from a total of 100 bacterial isolates grown either on a rich (RM) or a minimal (MM) medium were subsequently sequenced. The sequences of bacteria growing on RM fell into two broad taxonomic groups (Figs 1, 2). Most bacteria (17 species) were classified as Proteobacteria, but three species were classified as Firmicutes. The phylum Firmicutes included only six representatives, while the phylum Proteobacteria included up to 36 members. In addition, three, one, and thirteen bacterial species from Proteobacteria could be classified as belonging to the three subgroups α-, βand γ-Proteobacteria, respectively.
The sequences of bacteria grown on MM were distributed into four broad taxonomic groups (Figs 1, 2) . The majority of them were classified as Proteobacteria or Actinobacteria; from a total of 49 identifiable species, the former phylum included 17 species and 22 representatives and the latter, 15 species and 18 representatives. Nine species were classified as Firmicutes and the remaining eight as Bacteroidetes. Both of these phyla were represented by nine isolates. Representatives of the phylum Proteobacteria were assigned to three subgroups, α-, βand γ-Proteobacteria which were represented by two, eight and seven species, respectively. The most abundant subgroup on both cultivation media was γ-Proteobacteria followed by β-Proteobacteria and α-Proteobacteria.
The predominance of Proteobacteria generally and the γ-Proteobacteria in particular is not surprising. The low occurrence of αand β-Proteobacteria, and the absence of δ-Proteobacteria are common phenomena in plated communities, probably because the members of these groups are generally slow-growing (Mitsui et al. 1997 ), or may have specific physiological requirements and therefore may have been lost during sub-culturing (Ellis et al. 2003) .
The choice of culture medium appears to be very important for a survey of the structure and diversity of the culturable part of the bacterial community. This fact is underlined mainly by the significant differences observed in the occurrence of the growing isolates on both culture media and their distribution into broad taxonomic groups. It seems evident that MM generates more appropriate conditions for the growth of a wide variety of natural bacterial isolates than RM does, suggesting that MM offers conditions more similar to those found in the environmental sample than is offered by RM. Furthermore, these results also suggest that the use of both types of culture media provided a better picture of the structure and diversity of the culturable part of the microbial communities, because this approach allows the cultivation of bacterial strains with different growth requirements, enabling a wide variety of natural bacteria to be isolated than would be possible using only one type of medium. However, the importance of a nutritionally poor medium for the cultivation and isolation of unculturable microorganisms must be emphasized. Conventional culture media are nutritionally rich and their use for the cultivation and isolation of microorganisms from environmental samples renders the majority of microorganisms unculturable. By using nutritionally poor media, 93 (27%) of 350 isolated microorganisms belonging to 20 as yet unnamed family level groupings have been successfully cultivated (Joseph et al. 2003) .
Identification of bacterial isolates
All isolated bacteria were identified based on their nearest bacterial relatives using phylogenetic analysis. From our soil sample, 68 isolates were assigned to known species or genera and 18 isolates were identified as belonging to known but unculturable bacteria with sequence similarity ranging between 79-99%. Both the new cultivable bacterial isolates and the known cultivable strains with low similarity to their close relatives were considered to belong to new species or genera (Fig. 1) . Only nine of the actinomycete strains from 18 isolates could be assigned to an already known species or genus; the remaining nine individuals are thought to belong to a new species or genus (Fig. 1) . More specifically, isolates EK-I73, EK-I74, EK-I76, EK- I82, and EK-I86 exhibited low similarity (88-96%) to their closest relatives AY462044, AY462043, AF131369, AJ252827 and AF131369, respectively. Similarly, isolates EK-I81 and EK-I79 also showed low similarity (79-94%) to their closest relatives EF507108 and EU132625. The final isolates EK-I48 and EK-I91 exhibited high similarity (98 and 99%) to the uncultured bacterium clones EF507054 and DQ125761, respectively. The taxonomic group Bacteroidetes was represented by 9 individuals, but only one isolate, EK-I51 could be assigned to a known genus, Sphingobacterium sp. (98% AM411963). The remaining eight individuals are thought to form a new species or genus (Fig. 1) .
Bacteria belonging to the large taxonomic groups Firmicutes and Proteobacteria were isolated from both culture media. The Firmicutes isolates EK-I90 and EK-I94 are probably members of new genus, because they displayed only low similarity (95-97%) to two uncultured bacterium clones AY147274 and EU778785. Thirty-six bacterial strains belonging to Proteobacteria, which were isolated on RM, were assigned to 17 species belonging to 9 genera and 1 uncultured bacterium clone. Twenty-one individuals recovered on MM were assigned to 17 species belonging to 6 genera and 4 uncultured bacteria clones (Fig. 1) . However, great discrepancies were found among bacteria grown on both the media types used here and assigned to the subgroups of α-, βand γ-Proteobacteria.
Our results are similar to the findings of Mera & Iwasaki (2007) . They isolated representatives of Actinobacteria -Arthrobacter globiformis, Arthrobacter nicotinovorans and Streptomyces avellaneus from HgCl 2 -contaminated soil, as well as one representative of Bacteroidetes (Chryseobacterium soldanellicola), a few representatives of Bacillus spp., one species of β-Proteobacteria (Duganella violaceusnigra), and also one species of γ-(Lysobacter koreensis). One difference is that our isolate EK-I71, which was classified as uncultured Chryseobacterium sp. AY621824, will most likely belong to a new species, since it exhibits only low similarity (82%) to its closest relative.
Occurrence and sequence analysis of czcA-and nccAlike genes in bacterial isolates At present, the effects of nickel, cobalt and zinc on the majority of the isolates identified in the present study is unknown, and only partly known for iron, copper and cadmium. In this situation, our results can give new information about bacterial resistance toward these heavy metals.
All isolates from both media types were able to grow and survive sub-culturing in the presence of cobalt, nickel and cadmium. The isolates were screened for the presence of two genes coding for the heavy-metal-resistance determinants, czcA and nccA, by PCR-based methods using degenerative czcA and nccA primer sets (Table 1) . The degenerative primer sets were designed using conserved gene fragments of Gram-negative bacteria: fragments from Ralstonia metallidurans CH34, pMOL30 [NC 006466] were used for czcA, whereas those from Alcaligenes xylosoxidans 31A [L31363] for nccA. The primers czcA or nccA amplified PCR-products of about 822 and 581 bp, respectively.
Only 23 isolates from a total of 100 isolated bacteria carried at least one of the PCR bands of the expected size for the heavy-metal-resistance genes (Table 2). The PCR band corresponding to the nccA-like gene was the more abundant one; it was present alone in 11 isolates compared to the PCR band corresponding to the czcA-like gene, which was present alone in Table 1 . Primer sets used in this study.
Probes
Sequence Description a 27F 5'-AGAGTTTGATCCTGGCTCAG-3' 16S rDNA universal primers, positions 8-27 and 704-685 in the Escherichia coli K12 [NC 000913] numbering system; (Lane 1991 only 4 bacteria. The simultaneous presence of PCR bands corresponding to both of these genes was found in 8 bacterial isolates. The strains harboring heavymetal-resistance elements were grown either on RM (13 isolates) or on MM (8 individuals). The distribution of heavy-metal-resistance genes varied by taxonomic group and respective bacterial species; these genes were present mainly in the γ-Proteobacteria isolates. The fact that the presence of at least one of the PCR bands corresponding to one of the resistance determinants could be confirmed only in 23% (23 isolates) of all analyzed bacteria (Table 2 ) may be partly because the degenerative primer sets used were designed only for conserved gene fragments from Gramnegative bacteria. On the other hand, both primer sets were designed to be degenerative, suggesting that they should have the ability to hybridize also with other, similar genes. For example, the primers for czcA also gave positive results with czcA from Ralstonia sp. . It is therefore not surprising that the genes examined were found mainly in bacterial species belonging to the γ-Proteobacteria, in the Pseudomonas isolates especially, and that the presence of heavy-metal-resistance determinants could not be confirmed in the majority of Gram-positive bacteria.
To identify the heavy-metal-resistance determinants in those bacterial isolates that harbored at least one of these two heavy-metal-resistance genes, the nearest relatives of the protein products of the czcAand nccA-like genes were investigated using phylogenetic analysis (Fig. 3) . The PCR products of czcA and nccA derived from bacterial isolates were subsequently sequenced. By sequencing it was possible to identify only 9 of the 23 heavy-metal-resistance determinants detected, however. This fact may partly be explained by the rather poor primers used: the primers only amplified a subset of the resistance genes, and were also insufficiently specific.
A BLAST search of the GenBank revealed that while one sequence (EK-I2) showed relatively high level of similarity (93%) to the LysR transcriptional regulator family, eight remaining sequences showed too low levels of similarity (40-80%) to known proteins encoded by czcA and nccA genes (Fig. 3, Table 2 ). Therefore, all eight gene products are thought to form new heavymetal-resistance proteins. Although these gene products exhibited low similarity to their closest relatives, those carried by representatives of the Proteobacteria, the Pseudomonas isolates (EK-I1, EK-I52, EK-I59, EK-I64) in particular, and one carried by one isolate belonging to the β-Proteobacteria (EK-I61), showed cer-tain relatedness either to the heavy metal efflux pump CzcA, or to some types of transmembrane proteins (Table 2), suggesting that these genes could be involved in active protection against heavy metals.
Thus, because all bacterial isolates which carried either czcAor nccA-like genes were culturable, they could make a practical contribution to some fields of applied microbiology.
